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Introduction

Wee1 belongs to a family of protein kinases involved in the 
terminal phosphorylation and inactivation of cyclin-depen-
dent kinase 1-bound cyclin B, resulting in G

2
 cell cycle arrest 

in response to DNA damage. Wee1 was first identified in fis-
sion yeast,1 where wee1 deficiency resulted in premature mitotic 
entry and replication of smaller-sized yeast. It is the major kinase 
responsible for the inhibitory phosphorylation of the tyrosine15 
residue on Cdk1/Cdc2, near its ATP-binding pocket.2 Wee1 also 
plays a critical role in the proper timing of cell division, modu-
lating the activity of cyclin-dependent kinases 1 and 2 through 
inhibitory phosphorylation of conserved tyrosine15 residues on 
both kinases, thereby controlling entry into mitosis and DNA 
replication during S phase. As a consequence of its key role in the 
regulation of Cdk1/Cdc2 activity, early preclinical and clinical 
studies have focused on the modulation of wee1 activity and abro-
gation of the G

2
 checkpoint in the presence of DNA damaging 

agents, utilizing the concept of mitotic lethality as a mechanism 
of antitumor activity. Cells depend upon cell cycle checkpoints 
(G

1
, S, and G

2
) to allow time for repair of DNA damage prior to 

cell division (Fig. 1). Inhibition of cell cycle checkpoints in the 
setting of DNA damage effectively results in the perpetuation of 
the damage, culminating in cell death as a result of irreparable 
genetic lesions. More recent in vitro studies implicate wee1 in the 
stabilization of replication forks and homologous recombination 
(HR) repair, highlighting a greater role for wee1 in DNA repair 
and further supporting the validity of wee1 inhibition as a viable 
therapeutic target in cancer therapy.

Cell Cycle and DNA Repair

Cell cycle checkpoints serve to halt progression of the cell 
cycle in response to DNA damage, allowing time for repair and 
for maintenance of genomic integrity. p53, a key regulator of the 
G

1
 checkpoint via p21Cip1, is frequently mutated in malignan-

cies. Tumors that are defective in p53 function are often defec-
tive in arresting cells in G

1
 in response to DNA damage and rely 

on an intact G
2
 checkpoint. DNA damage detected at the G

2
 

checkpoint is relayed via 2 well-characterized parallel and inter-
connected pathways that culminate in the inhibitory phosphory-
lation of cyclin-dependent kinase 1 (Cdk1/Cdc2) and subsequent 
delay of entry into mitosis.3 Depending on the type of genotoxic 
stress, either ataxia-telangectasia mutated (ATM) protein kinase 
or ataxia-telangiectasia-related (ATR) protein kinase, is preferen-
tially activated (Fig. 2).

ATM is recruited and activated in response to ionizing radia-
tion, radiomimetic agents, and agents which cause double-strand 
DNA breaks. ATM phosphorylates and activates checkpoint 
kinase 2 (Chk2), which, in turn, phosphorylates cell division 
cycle 25C phosphatase (Cdc25C) at Ser216, creating a binding 
site for the 14-3-3σ protein.4 This leads to nuclear export and 
cytoplasmic sequestration of Cdc25C, effectively inactivating its 
phosphatase activity. Suppression of Cdc25C phosphatase activ-
ity, in turn, results in unopposed inhibitory phosphorylation of 
the Cdk1/Cdc2-bound cyclin B complex, maintaining Cdk1 in 
an inert form and preventing entry into mitosis.

ATR is activated by a broader range of genotoxic stimuli 
that result in single-strand DNA breaks.5,6 In addition, ATM-
dependent activation of ATR also occurs during the processing of 
double-stranded DNA breaks, where 5′ to 3′ resection of double-
strand break ends results in the generation of single-strand DNA 
ends, which are stabilized and coated by replication protein A 
(RPA), serving as a scaffold and activation point for ATR.6 ATR 
is the main kinase responsible for the phosphorylation and activa-
tion of checkpoint kinase 1 (Chk1). In contrast to Chk2, Chk1 
can be activated by both ATM and ATR, and activation can 
occur during normal cell cycle progression or in response to rep-
licative stress, such as during stalled replication forks. Chk1, in 
turn, concomitantly phosphorylates wee1 and Cdc25C, thereby 
activating wee1 kinase activity and inactivating Cdc25C phos-
phatase activity. Wee1, in turn, phosphorylates and inactivates 
Cdk1/Cdc2-bound cyclin B on its tyrosine15 residue, resulting 
in cell cycle arrest at G

2
, allowing time for DNA repair.
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Wee1, a protein kinase, regulates the G2 checkpoint in 
response to DNA damage. Preclinical studies have elucidated 
the role of wee1 in DNA damage repair and the stabilization 
of replication forks, supporting the validity of wee1 inhibition 
as a viable therapeutic target in cancer. MK-1775, a selective 
and potent small-molecule inhibitor of wee1, is under clinical 
development as a potentiator of DNA damage caused by cyto-
toxic chemotherapies. We present a review of the role of wee1 
in the cell cycle and DNA replication and summarize the clinical 
development to date of this novel class of anticancer agents.
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Recent evidence demonstrates that wee1 is also involved in the 
coordination of DNA replication and the maintenance of stalled 
replication forks through regulation of cyclin-dependent kinase 2 
(Cdk2).7 Wee1 phosphorylates and inactivates Cdk2-bound 
cyclin E, thereby controlling regulation of DNA replication dur-
ing S phase. Enhanced activation of Cdk2 in Wee1-depleted 
cells is proposed to result in a loss of control of coordination 
of origins of replication, resulting in aberrant DNA structures 
that require cleavage by Mus81. The Mus81/Eme1 enzyme com-
plex is required for reversion of stalled replication forks, induc-
tion of double-stranded breaks to allow for replication recovery, 
and initiation of homologous recombination repair. Martin et 
al. demonstrated a direct role for wee1 in the regulation of the 
Mus81-Eme1 endonuclease activity.8 Deregulation of Mus81 
activity would result in unchecked cleavage of substrates, further 
destabilizing the chromatin structure.

Wee 1 as a Target for Cancer Therapy

Overexpression of wee1 has been observed in several malig-
nancies, including hepatocellular carcinoma,9 luminal and 
HER-2 positive breast cancers,10 glioblastoma,11 and malignant 
melanoma, where high expression has been shown to correlate 
with poor disease-free survival.12 In cancer cells with aberrant 
G

1
 checkpoint, inhibition of wee1 with resultant abrogation of 

the G
2
 checkpoint allows for continued cell cycle progression 

while still harboring unrepaired damaged DNA, culminating in 
mitotic lethality. Inhibition of wee1 either by the pyrido-pyrimi-
dine derivative (PD0166285) or via siRNA gene knockdown has 
been shown to sensitize ovarian, colon, cervical, osteosarcoma, 
glioblastoma, and lung cancer cells to DNA damage by irradia-
tion and topoisomerase inhibition.13-15 Cytotoxicity was more 
pronounced in the p53-deficient compared with p53-intact cell 
lines in these studies, consistent with the expectation that tumor 
cells harboring p53 mutations with aberrant G

1
 checkpoint 

would be more sensitive to the abrogation of the G
2
 checkpoint. 

Xenografts of glioblastoma cells transduced with short-hairpin 
RNA against WEE1 implanted into the brain of nude mice, fol-
lowed by a single dose of 6 Gy of irradiation at 2 weeks, resulted 
in tumor regression at 6 wk with a survival advantage compared 
with controls.13

MK-1775, a recently developed pyrazolo-pyrimidine deriva-
tive, is a potent and selective small-molecule inhibitor of wee1 with 
an IC

50
 of 5 nmol/L. Co-administration of MK-1775 in preclini-

cal models demonstrated enhanced antitumor efficacy of various 
classes of DNA damaging agents with different modes of action, 
including anti-metabolites (gemcitabine, 5-FU, capecitabine, 
pemetrexed), topoisomerase inhibition (camptothecin, doxorubi-
cin), and DNA cross-linking agents (carboplatin, cisplatin, and 
mitomycin C) in p53-deficient colon, cervical, lung, and pan-
creatic cell lines.16-18 In these initial studies, investigators dem-
onstrated dose-dependent direct substrate inhibition of Cdk1 by 
MK-1775, based on colorimetric ELISA measurement of levels of 
phosphorylated tyrosine15 on Cdc2 (pCDC2-Tyr15). Premature 
mitotic entry was demonstrated by a concomitant increase in the 
percentage of cells expressing serine10-phosphorylated histone 
H3 (pHH3) at the same doses.

Subsequent xenograft studies using oral administration of 
MK-1775 in nude rats bearing colorectal, pancreatic, cervical, 
ovarian, and breast cancers demonstrated objective tumor regres-
sion in combination with various DNA damaging agents, includ-
ing gemcitabine, carboplatin, cisplatin, and capecitabine.17,18 
These studies demonstrate that chemical inhibition of wee1 with 
MK-1775 allows for potentiation of cytotoxicity of various DNA 
damaging agents with different modes of action, and that this 
effect is more pronounced in p53-deficient cancers, supporting 
the notion that tumors with defective G

1
 checkpoint are heav-

ily dependent upon the G
2
 checkpoint for escape from mitotic 

lethality. The antitumor effect also correlated with increased lev-
els of pHH3 and caspase-3/7 activation, confirming that poten-

tiation of cytotoxicity was due to both early 
entry into mitosis and cell death via apoptosis.

Wee 1 and Radiation Therapy

Based on the promising preclinical data 
demonstrating potentiation of cytotoxicity 
in combination with various DNA damag-
ing agents, MK-1775 was tested as a radio-
sensitizer in human tumor cells derived from 
lung, breast, and prostate cancers.19 Double-
strand breaks (DSBs) induced by radiation 
require cell cycle delay at the G

2
 checkpoint, 

as the primary mechanism for repair of DSBs 
through HR requires use of the sister chro-
matid as a template, which is only available 
after DNA replication during S phase. Upon 
the induction of DSBs, phosphorylation of 
histone H2AX also occurs at serine 139 sites 
flanking the areas of DSBs, forming γH2AX 
foci. Measurement of γH2AX levels can 

Figure 1. Cyclin-dependent kinase regulation of the cell cycle. Cell cycle checkpoints serve 
to halt progression of the cell cycle in response to DNA damage, allowing time for DNA repair 
and the maintenance of genomic integrity. Cyclin-dependent kinases regulate the progression 
through cell cycle checkpoints. Abbreviations: Cdk, cyclin-dependent kinase.
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therefore serve as a dosimeter of the degree of DSBs. γH2AX foci 
formation has also been proposed to serve as a focal point for the 
recruitment of mediators and effectors of the DNA damage repair 
response.20 Chemical inhibition of wee1 has been shown to result 
in an increase of γH2AX levels in breast carcinoma cells 4 h after 
administration of the inhibitor, with concomitant accumulation 
of cells in S-phase.21 Similar results have also been demonstrated 
with siRNA depletion of Wee1 in U2OS, human osteosarcoma 
cells.22 In clonogenic survival assays, MK-1775 was shown to 
preferentially radiosensitize p53-defective tumor cells compared 
with wild-type controls, with concomitant decrease in pCDC-
2Tyr15 levels within 1 h following administration of MK-1775. 
In these studies, investigators additionally tested the effect of pre-
treatment of the same p53-defective tumor cells with MK-1775 
prior to irradiation. Both irradiated and non-irradiated cells were 
accelerated into mitosis prematurely, reflected in the percentage of 
cells expressing pHH3, though higher levels of γH2AX, reflect-
ing unrepaired DSBs, were seen within the fraction of p53-defec-
tive mitotic cells which had undergone irradiation. The fact that 
un-irradiated cells also demonstrated high levels of γH2AX sug-
gests inhibition of wee1 alone results in propagation of inherent 
DNA damage. Bridges et al. also tested the in vivo efficacy of 
combination of MK-1775 and radiation using the human non-
small cell lung cancer cell line, Calu-6, in a xenograft model in 
nude mice. Using fractionated radiotherapy, they demonstrated 
MK-1775 enhanced xenograft tumor response when given on the 
same days as irradiation. In addition to demonstrating clinical 
utility in combination with radiotherapy, this study was the first 
to demonstrate MK-1775 activity in un-irradiated cells, high-
lighting the potential for MK-1775 as a single-agent therapy.

Single Agent Activity of Wee1 Inhibition

Recent preclinical data using sarcoma cell lines and patient-
derived tumor explants provide additional supportive evidence 
for single-agent cytotoxicity of MK-1775.23 Interestingly, these 
cytotoxic effects were independent of p53 status, as cell death was 
demonstrated both in p53 wild-type sarcoma cell lines as well 
as p53 mutant cell lines. At doses ranging from 100 to 550 nM, 
single-agent MK-1775 treatment resulted in decrease in pCDC-
2Tyr15 levels, elevation of pHH3 levels, and increase in γH2AX, 
comparable to that of previous data with combination therapy 
with DNA damaging agents and MK-1775 doses of 200 nM. 
Additionally, investigators demonstrated a significant increase 
in cleaved PARP and caspase-3 correlating with the decrease in 
pCDC2Tyr15 levels, indicating that the mechanism of cell death 
was by induction of apoptosis. Patient-derived tumors from undif-
ferentiated high-grade sarcoma, malignant peripheral nerve sheath 
tumor, and pleomorphic spindle cell tumor, were also treated ex 
vivo with MK-1775 at doses of 500 nM, with evidence of decrease 
in pCDC2Tyr15 levels and histologic evidence of cell death in all 
samples. More recent studies by Guertin et al. alternatively propose 
that the predominant effect of wee1 inhibition by MK-1775 may 
be due to direct DNA damage rather than premature entry into 
mitosis, demonstrating cytotoxicity in various cell lines regardless 
of the mitotic indices.24 In these studies, they also show tumor 

growth inhibition of non-small cell lung cancer and colorectal 
cancer xenografts treated with MK-1775 alone. Collectively, the 
results of these studies provide strong support for further develop-
ment of MK-1775 as a single agent anticancer therapy.

Clinical Studies

Preliminary data from phase I studies testing escalating sin-
gle and multiple doses of MK-1775 in combination with gem-
citabine, cisplatin, or carboplatin in patients with advanced solid 
tumors have shown promising activity, with stable disease in 14 
of 28 evaluable patients with a manageable toxicity profile.25,26 
Two other phase I trials have recently completed enrollment: 
one evaluating MK-1775 in combination with either 5-FU in 
patients with advanced solid tumors (NCT01047007)27 or 5-FU 
with cisplatin in patients with advanced head and neck, esopha-
geal, or gastric cancer, and a second phase I/II study evaluat-
ing the combination of MK-1775 with cisplatin and topotecan 
in patients with advanced cervical cancer (NCT01076400).28 
Two phase II studies are currently underway: one sponsored by 
the Netherlands Cancer Institute currently evaluating the com-
bination of MK-1775 and carboplatin in p53-mutated epithelial 
ovarian cancer patients whose disease has progressed through 
prior paclitaxel/carboplatin therapy (NCT01164995),29 and a 
randomized study evaluating the combination of MK-1775 with 

Figure  2. DNA damage detected at the G2 checkpoint. Depending on 
the type of genotoxic stress, either ataxia-telangectasia mutated (ATM) 
protein kinase or ataxia-telangiectasia-related (ATR) protein kinase 
are preferentially activated. ATR is the main kinase responsible for the 
phosphorylation and activation of checkpoint kinase 1 (Chk1). Chk1, in 
turn, concomitantly phosphorylates wee1 and Cdc25C, thereby activat-
ing wee1 kinase activity and inactivating Cdc25C phosphatase activity. 
Wee1 phosphorylates and inactivates Cdk1/Cdc2-bound cyclin B on its 
tyrosine15 residue, resulting in cell cycle arrest at G2, allowing time for 
DNA repair. Abbreviations: ATM, ataxia-telangectasia mutated protein 
kinase; ATR, ataxia-telangiectasia-related protein kinase; Chk, check-
point kinase; Cdk, cyclin-dependent kinase; Cdc, cell division cycle 
phosphatase.
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paclitaxel + carboplatin vs. placebo with paclitaxel + carboplatin 
in p53-mutated ovarian, fallopian tube, and primary peritoneal 
tumors (NCT01357161).30 A phase I study is currently evaluat-
ing the safety and maximum tolerated dose of MK-1775 as a sin-
gle-agent in advanced refractory solid tumors (NCT01748825).31

Future Directions for Combination with 
Other Molecular Targeted Agents

The initial clinical development of the Wee1 inhibitor, 
MK-1775, has been to chemopotentiate the DNA damaging 
effects of chemotherapy, utilizing the concept of mitotic lethal-
ity as a mechanism for antitumor activity based on early in vitro 
studies demonstrating its role in regulation of Cdk1 and the G

2
 

checkpoint. More recent evidence implicates a role for wee1 in 
stabilization of replication forks and DNA repair, highlighting 
the potential for monotherapy and in combination with other 
targeted agents. Cdk1, the main target of wee1, additionally plays 
a key role in HR and double-strand DNA repair. Early studies in 
yeast showed Cdk1 is required for the efficient 5′ to 3′ resection of 
double-stranded break ends to produce single-stranded DNA and 
the subsequent recruitment of the RPA complex and the Rad51 
recombination protein to sites of DNA damage.32 Subsequent 
studies of whole-cell extracts of HeLa cells demonstrated a role 
for Cdk1 in the phosphorylation of the Rad51 binding domain of 
BRCA2 at serine 3291 (S3291).33 BRCA2 modulation of Rad51 
activity is essential for strand exchange and HR repair. In vitro 
studies have shown that chemical inhibition of Cdk1 sensitizes 
BRCA-proficient cancers to PARP inhibition.34 In contrast, 
chemical inhibition of wee1 with resultant aberrant forced acti-
vation of Cdk1 also appears to impair HR, as demonstrated by an 
increase in phosphorylation of BRCA2 at S3291.35 Low levels of 
Cdk activity are required for proper induction of HR repair, and 
inhibition of Cdk activity impairs the DNA damage response. 
For reasons which remain poorly understood, induction of Cdk 
activity to aberrantly high levels, achieved through wee1 inhibi-
tion, also appears to result in a comparable impairment of HR 
DNA damage response. Given the role of wee1 in HR, the induc-
tion of a HR deficient state through wee1 inhibition presents a 
unique opportunity to evaluate the dual inhibition of wee 1 and 
poly (ADP-ribose) polymerase (PARP) in clinical trials. PARPs 
are a family of nuclear enzyme proteins that play a key role in the 
DNA damage response, including base excisional repair, homolo-
gous recombination, and non-homologous end-joining.36-39 PARP 
inhibition results in trapping of PARP-1 on single-strand DNA 
repair intermediates that require BRCA-dependent HR for reso-
lution.40 Inhibition of multiple DNA repair pathways prevents 
the ability of cells to compensate for DNA damage and provides 
a rationale for targeting both wee1 and PARP in cancer therapy.

Hyperactivation of Cdk activity through combined inhibition 
of both Chk1 and wee1 has also been shown to result in synergis-
tic potentiation of inhibition of cellular proliferation in multiple 
cell lines.41 Given the roles of Chk1 and wee1 in the regulation 
of cell cycle checkpoints, investigators have sought to combine 
inhibition of both kinases and demonstrated a greater than addi-
tive effect in cytotoxicity and induction of apoptosis in multiple 

cell lines and colorectal and ovarian carcinoma xenografts. In 
addition to regulation of cell cycle checkpoints through inhibi-
tory phosphorylation of Cdc25, Chk1 is also involved in DNA 
replication and initiation of HR repair through direct interaction 
with Rad51.42 In these studies, investigators demonstrated non-
overlapping distinct activity of each agent, as Chk1 inhibition 
alone affects DNA synthesis with accumulation of cells in early 
S-phase, as demonstrated by flow cytometry of labeled nucleo-
tide, whereas wee1 inhibition alone affects DNA synthesis in late 
S-phase.41 The combined inhibition with both inhibitors resulted 
in greater than additive increase in DNA damage, reflected as an 
increase in γH2AX levels with resultant induction of apoptosis, 
as evidenced by an increase in cleaved caspase levels. This synergy 
was independent of p53 status, consistent with known activity of 
Chk1 in regulation of the G

1
/S checkpoint through inhibitory 

phosphorylation of Cdc25A.
Wee1 is known to be a client protein of the molecular chap-

erone Hsp90, which is involved in stabilizing and maintaining 
the functional conformation of newly synthesized and mis-
folded proteins, including oncoproteins.43 Studies in yeast have 
demonstrated wee1-dependent tyrosine phosphorylation of the 
N-terminal domain of Hsp90, allowing for regulation of chap-
erone function and reinforcement of its own interaction with the 
molecular chaperone.44 Subsequent studies have demonstrated 
that chemical inhibition of wee1 sensitized prostate and cervi-
cal cancer cells to the Hsp90 inhibitor, 17-allylamino-17-deme-
thoxygeldanamycin (17-AAG), which binds to the ATP-binding 
pocket of Hsp90 at the N-terminal domain, interfering with the 
function of the molecular chaperone.45 Inhibition of wee1 has 
also been shown to sensitize tumor xenografts to Hsp90 inhibi-
tion, invoking activation of the intrinsic apoptotic pathway as 
the main mechanism of action.46 Combined inhibition of wee1 
and Hsp90 provides not only an opportunity to augment the 
efficacy of Hsp90 inhibitors, but may also provide an opportu-
nity to achieve more complete inhibition of wee1 activity, further 
enhancing the antitumor activity.

Wee1 inhibition has also been shown to enhance caspase-
dependent apoptosis in combination with TNF-related apopto-
sis-inducing ligand (TRAIL) in triple-negative breast cancer cell 
lines.47 Pre-treatment with the pan-caspase inhibitor Z-VAD-
FMK abrogated the induction of cell death by the combination of 
TRAIL and wee1 inhibition. Chemical inhibition of wee1 alone 
was also shown to upregulate transcription of TRAIL receptors 
in a p53-independent manner. Interestingly, the rise in γH2AX 
levels induced upon inhibition of wee1 in these studies was not 
abrogated by the pan-caspase inhibitor, suggesting that the DNA 
damage is independent of caspase activation. Collectively, these 
data highlight the potential for combining wee1 inhibitors with 
other molecular targeted agents and presents a viable strategy 
for enhancing the therapeutic ratio of these various molecular  
targeted agents.

Conclusion

The inherent genetic instability and the enhanced prolifera-
tion index make tumor cells sensitive to DNA damaging agents. 
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With continued therapy, cancer cells acquire the ability to repair 
the DNA damage and survive in spite of cytotoxic chemother-
apy. The rationale behind development of checkpoint kinase 
inhibitors lies in the fact that abrogation of cell cycle checkpoints 
allows for progression of the cell cycle in the face of damaged 
DNA, perpetuation, and accumulation of fatal defective lesions, 
and premature entry into cell division, ultimately resulting in 
cell death. Development of a selective wee1 inhibitor, MK-1775, 
presents a viable and novel therapeutic approach to enhancing 
the antitumor efficacy of traditional chemotherapeutic agents. 

Recent evidence implicates a greater role for wee1 in DNA 
repair, highlighting the potential for combination with other 
targeted agents. Future clinical development of wee1 inhibitors 
should focus on further defining their role as potentiators of 
DNA damaging therapies, evaluating combinations with other 
targeted agents and as a single agent in tumors with DNA repair 
defects.
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